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Three aspects of glow discharges have been studied: glow discharge oscillations,
sputtering, and coupling between cathode and anode regions the two most important
regions in a glow discharge. Cathode and anode processes are tightly coupled by electron
and ion coupling effects. Both electron and ion coupling effects were observed by
studying excited Ar atoms in the cathode and anode regions and observing laser-induced
space charge variations and the optogalvanic effect. Laser-induced space charge
variations in the glow discharge were observed by the change in potential of an electrical
probe. This signal, called the optopotential signal, provides useful information about the
cathode and anode processes, and may become another useful spectroscopic detection
method.
Glow discharge oscillations are old phenomena but our mechanistic understanding
of the processes involved continues to grow. A mechanism study is important especially
now since a new type of sensitive GC detector is being developed based on this
phenomenon. A SPAN model of glow discharge oscillation is proposed: source
Redacted for Privacyformation, propagation, accumulation, and neutralization of space charges. Electrode 
coupling couples the neutralization and source formation processes thus completing the 
feedback loop necessary for some of the observed oscillations to occur. Four modes of 
oscillations were found. Emission, space potential and current monitoring, and forced 
oscillations were used to monitor and identify the mechanisms. 
Studies of cathodic sputtering with gas flow rates up to 2.13 L/min/jet were 
carried out in an Atomsource sputtering atomizer with Ar as the jet gas and Cu as the 
cathode sample. These flow rates are 20-fold greater than those normally used and were 
found to increase net sputtering yield significantly. A fourfold increase in net sputtering 
yield was observed when the number of jets in use was decreased from six to one, with 
the gas flow rate and other conditions held constant.  Possible explanations for these 
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CHAPTER 1 
INTRODUCTION 
The following three sections introduce the three topics of my research concerning 
glow discharges: the electrode coupling effect, glow discharge oscillations, and cathodic 
sputtering. 
Fundamental Glow Discharge Processes 
A glow discharge is one of the most important forms of plasmas. With an energy 
range from 1 to 10 eV, the electrons in a glow discharge have enough energy to cause the 
rupture of molecular bonds. The electron density is in the range of 109 to 1012 cm-3. The 
ratio of electron temperature to gas temperature Te/Tg , is in the range of 10 to 100. This 
is good for many processes which need energetic electrons but a low collisional 
temperature environment. 
Consider the birth of a discharge in a long cylindrical glass tube which has plane 
cold metal electrodes at its ends and is filled with a gas at low pressure of about 1 torr. 
The discharge is started by applying a variable voltage between the electrodes. The 
conditions in the various regions of a low-pressure glow discharge can largely be inferred 
from the variation of voltage, electric field and electron and ion densities along its length, 
as in Figure 1.1, and we shall consider the different regions from cathode to anode in turn. 2 
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Figure 1.1. Variation of discharge parameters 
along the length of the discharge (schematic). 3 
The Cathode Region 
The cathode plays an important part in DC sputtering systems because the cathode 
is where sputtering occurs in a sputtering discharge. The cathode is also the source of 
secondary electrons. The secondary electrons have a significant role in maintaining the 
discharge. 
At the cathode, the positively ionized atoms of the gas are attracted by the 
cathode, on which they collide to cause the emission of secondary electrons that are 
required to maintain the discharge. The secondary electron yield for most metals is of the 
order of 0.1 for incident Ar ions over the range of bombardment energies in the glow 
discharge (300-500 eV).1 The bombarding ions are neutralized by a field-emitted electron 
just prior to impact with the cathode surface. Near to the cathode surface, before they 
gain appreciable velocity, the secondary electrons form a negative space charge. But they 
are then accelerated by the electric field and since the current is mostly due to positive 
ions in this region, a positive space charge forms a short distance from the cathode and 
the space charge remains positive throughout the cathode dark space. The cathode glow 
which separates the cathode dark space from the thin Aston dark space is reddish in color 
and is due to the recombination of incoming positive ions with slow electrons, for which 
the recombination coefficient is high. Formed in the cathode dark space, the large net 
positive space charge causes a large voltage gradient, so that most of the discharge 
voltage is taken up here and the electrons are accelerated sufficiently to produce intense 
ionization and hence multiplication. At the end of the cathode dark space, nearly all of 
the current is carried by the electrons, whose numbers are then so great, despite their high 
average velocity, that they considerably reduce the net positive space charge. 4 
One important ion energy loss mechanism is called symmetric charge exchange 
X' (fast) + X° (slow) --> X° (fast) + X+ (slow) 
An ion arriving at the interface between the glow and the cathode fall has a kinetic energy 
that is negligible compared with the cathode fall potential difference. In the absence of 
collisions, the ion would accelerate across the cathode fall, gaining kinetic energy as it 
does so, and would hit the electrode with an energy equivalent to the cathode fall voltage 
Vc. However, the ion usually undergoes collisions, with or without the exchange of 
charge.2 Symmetrical charge exchange during a collision, where an ion exchanges charge 
with an atom of the same element, is the main cause of energy loss of ions accelerating 
toward the cathode. In the cathode fall region, a collision between an ion which has been 
accelerated and an atom (or molecule) of the same gas results in a transfer of an electron 
from the atom to the ion, while most of the kinetic energy may not be exchanged. After 
the collision, a fast neutral atom proceeds in the direction of the electric field and a slow 
positive ion of thermal energy slowly moves away.34 The slow ion is accelerated in the 
direction of the electric field. This series of events is equivalent to a positive ion losing 
all its kinetic energy and starting from rest after the collision. Therefore any ion which 
strikes the cathode could only have an energy acquired along the last free path after a 
charge transfer collision. For a static system, according to Davis and Vanderslice, the 
number of symmetric charge exchanges that occur depends on the product of gas pressure 
(p) and the cathode fall length (d).2 Measurement of the energy distribution for Ar+ from 
an argon planar discharge at 600 V and low pressure (0.06 torr) shows the average ion 
energy is only about one-fifth of the cathode fall potential while the ions sampled from 
the base of a glow discharge with a hollow cathode have energies close to the applied 5 
potential.6'7 This is likely due to the very thin dark space peculiar to a hollow cathode 
discharge, which allows only a limited number of collisions to occur whatever the 
pressure is.53 
The negative glow and faraday dark space 
The density of electrons at the anode end of the cathode dark space has increased 
to the point where there are sufficient electrons to carry the entire current and to make the 
net space charge negative. Just before this the electric field becomes slightly negative, 
reaching a negative maximum as the sign of the space charge reverses. That causes no 
further acceleration of the fast electrons emerging from the cathode dark space; their 
energy is absorbed mainly by intense excitation and ionization, which causes the brightest 
region in the glow discharge. As the electrons are slowed down, the negative space 
charge reaches a maximum, and the Faraday dark space begins because the energy 
available for excitation and ionization is exhausted. The electron density decreases by 
recombination and diffusion in the dark space until the net space charge becomes zero 
again and the electric field, E, attains a constant small value. The positive column begins 
at this point. 
The positive column 
When cathode and anode of a discharge tube are sufficiently far apart, there 
extends between them a luminous part of the discharge called the positive column, or 
simply the column. The column may appear in many different forms: the homogeneous 6 
column has a structure that is the same throughout the length of the tube; a striated 
column exhibits light and dark layers, and these may either stand still or they may move 
along the tube with great rapidity. 
The positive column constitutes a plasma  that is, an ionized gas having no net 
space charge. It serves only to maintain the conduction of current by electrons which is 
established in the cathode region. The electric field in the column is small. Ionization 
takes place in the column to compensate for losses by recombination and diffusion. 
The Anode Fall 
Now we turn to the anode fall of glow discharge. The anode, accepting the 
electrons of the column and accelerating the positive ions, closes the circuit of the glow 
discharge. There is a change in the electric field and net space charge density over a thin 
layer adjacent to the anode depending upon the discharge current, the conditions in the 
positive column and the area of the anode. The space charge is normally negative near 
the anode and the electric field accordingly increases. The presence of this positive 
anode fall is often accompanied by an anode dark space and an anode glow. The 
observed properties of the anode fall can be interpreted on the basis that the anode attracts 
electrons from the positive column, forming a layer of space charge which serves to 
adjust the electron and ion current densities in the column to the values required to carry 
the discharge current to the anode surface. The anode fall value is usually around the 
carrier gas ionization potential or lower if ionization from metastable state atoms plays an 
important rule. 7 
Electrode coupling effect 
The cathode and anode regions are the two most important regions in sustaining 
the operation of the glow discharge. Although these two regions are physically separated, 
we have found, chapter 3, a correlation between them that we explain by electron and ion 
coupling mechanisms. We also report a phenomenon we refer to as the optopotential 
signal. This signal provides useful information about the cathode and anode processes, 
and may become another useful spectroscopic detection method. 
Glow Discharge Oscillations 
The above description of glow discharge operation describes a glow discharge 
under constant current. Usually the cell current is not constant but oscillates. Glow 
discharge devices were some of the earliest spectrochemical sources, first used in 
fundamental spectroscopic studies of atomic structure in the 1910's.8 The use of low-
pressure glow discharge for detecting chemicals was first reported in the later 1950's.9" 
More recently, analyte impurities are reported to produce changes in both the discharge 
current and oscillation frequency signals." A linear relationship between impurity 
concentration in the support gas of a low-pressure oscillating plasma glow discharge 
detector and the cell current oscillation frequency has been found." An oscillating 
plasma glow discharge detector for gas chromatography can be used to help identify an 
analyte by ratioing the current and oscillation frequency signals.' 
The development of any oscillation and its characteristics is determined by many 
factors such as pressure, cell voltage, electrode shape, etc., but is not yet completely 8 
understood. These factors exert an influence to a lesser or higher degree upon the 
oscillation phenomena of the discharge. 13  It is evident that oscillations may appear in 
both the cathode space and the anode space, as well as the positive column when the 
positive column is present. The cathode and anode spaces can be the source of periodic 
or aperiodic anisotropy and the instability in the cathode region is important for 
oscillation.' No lle ascribes the origin of some oscillations to anode fall variations.' 
Rohner' suggests the occurrence of oscillations caused by ions emitted by the anode 
glow region. Some authors" suggest that the formation of negative ions and their decay 
in the cathode dark space of a glow discharge is responsible for the phenomenon of 
oscillations observed in their experiments. A model has been proposed for oscillation in 
a low pressure and low current region where negative differential resistance of the 
discharge plays a crucial role in the theory of the observed instabilities and oscillations.' 
Many experimental and theoretical studies have been done about processes in the cathode 
region, 
19 -21  anode region 22-23 and positive column.24-26 Much work has been done on 
moving striations that are related to oscillations.27-29 The moving striation couples with 
oscillations 30 and makes the oscillations more complex. 
In chapters 3 and 4 the optogalvanic signal is used to study glow discharge. The 
optogalvanic signal is a damped oscillation initiated by a laser pulse. The laser excites 
atoms from a lower atomic energy level (Aexi) to a higher energy level (Aex2): 
A ex2 A 
exl + hv (laser photon energy) > 
Both lower and higher excited atomic energy levels can be populated by electron collision 
processes: 
A exl A + e p 9 
-± A ex2. A + 
Also, ionization from these energy levels results from electron collision processes: 
A exl  A+ 
A ex2  A +. 
But the ionization from a high energy level is more efficient than ionization from a lower 
energy level, since the higher energy level is closer to the ionization limit. The laser 
excitation produces more high energy level atoms, and thus a higher current due to 
increased ionization. 
In chapter 3 we show that an optopotential signal may be a useful spectroscopic 
detection method. The optopotential signal is a damped oscillation initiated by a laser 
pulse, in much the same way as an optogalvanic signal is initiated.' The damped 
oscillatory shape of this signal is related to the oscillatory characteristics of the plasma. 
To reduce the size of the detector, the positive column of this glow discharge was 
eliminated and we obtained information about the fundamental oscillating glow discharge 
processes and developed a model for an oscillating glow discharge that has no a positive 
column. 
A glow discharge often operates in the abnormal discharge region where current 
density is high, space charge effects are large, and where the discharge shows a positive 
differential resistance. Chapter 4 focuses on the mechanisms of glow discharge 
oscillations. From our experimental studies of this type of glow discharge we propose a 
mechanism called the SPAN mechanism for the glow discharge oscillations. SPAN is the 
acronym for the names of the four basic processes: source formation, propagation, 
accumulation, and neutralization of space charge. Electrode coupling couples the 10 
neutralization and source formation processes thus completing the feedback loop 
necessary for oscillations to occur. Emission, space charge variation and current 
monitoring, and forced oscillations were used to monitor and identify the mechanisms. 
Cathodic Sputtering 
As described above, the electric field is very strong near the cathode region. 
Positive ions approaching cathode will get energy from the field and bombard the cathode 
with high energy. This leads to another important effect called cathodic sputtering where 
an incident high-energy ion strikes the surface causing the ejection of one or more 
cathode atoms.' Cathodic sputtering is the basis of many applications. 
The development of more universal methods for the direct analysis of solid 
materials is one of the greatest challenges remaining in the area of analytical atomic 
spectrometry. Greater powers of detection, speed, and precision for contemporary 
material analyses are required than those presently available with standard arc and spark 
technologies. To assess systems such as galvanized coating or multilayered automotive 
glass, spatially resolved elemental profiles are required. It is for these reasons that glow 
discharge devices are receiving increased interest within the analytical community. 
Inherently capable of generating a representative atomic population of a solid 
sample and producing both excited state and ionic populations of those atoms, glow 
discharge devices are directly applicable for bulk and depth-resolved analyses by the 
traditional techniques of atomic absorption, emission, and mass spectrometries as shown 
in Figure 1.2. In addition, atomic fluorescence, optogalvanic effect (OGE), and resonance 11 
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Figure 1.2. Some applications of glow discharge sourses. 12 
ionization spectroscopies can be used to observe the sputtered populations by interaction 
with external light sources. Glow discharge methods are indeed some of the most 
versatile of the elemental analysis methods. 
In recent years, much research emphasis has been placed on the direct introduction 
of solid sample materials into spectroscopic sources for subsequent elemental analysis. In 
particular, the technique of cathodic sputtering in a glow discharge has been used in the 
analysis of samples by many spectroscopic methods.7'3° In 1960, Gatehouse and Walsh 
reported the use of cathodic sputtering to directly atomize a solid sample for atomic 
absorption analysis.' Gough improved direct solid sampling for atomic absorption 
analysis by using a flowing gas cell instead of a static cell." In 1987, a jet-enhanced 
sputtering atomizer, called the Atomsource (Analyte Corporation, Grants Pass, Oregon) 
was introduced by Bernhard.34 Kim and Piepmeier reported the increase in sample loss 
rate and absorbance produced by the use of gas jets using an Atomsource and a modified 
single-jet glow discharge source.' Chakrabarti et al.35 reported studies on the 
atomization of solution residues deposited on metallic cathodes, and Winchester and 
Marcus 36 used the Atomsource to atomize nonconducting powders. Gough et al. reported 
studies of enhancement factors of atom production rates for the Atomsource and the 
Gough system.37 In chapter 5 we report the influence of high-gas-flow jets on net 
sputtering yield and discuss the possible mechanisms for the enhancement of the net 
sputtering yield. 13 
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CHAPTER 2 
INSTRUMENTATION 
Introduction 
The instrumentation used for this work consists of a combination of commercially 
available equipment, modified commercial equipment, and equipment built in our 
laboratory. The following sections provide a description of important instrumental 
components used throughout this research. Specific details and experimental setups for 
each of the studies are presented in their respective chapters. 
Laser System 
A Chromatix CMX-4 flashlamp-pumped tunable dye laser (Chromatix Inc., 
Sunnyvale, CA) was used as a tunable optical radiation source for all experiments. This 
CMX-4 dye laser and absorption and emission detection system is fully automated 
(including an automated birefringent filter and etalon system). Table 2.1 summarizes the 
important characteristics of this laser. It is capable of producing narrow band tunable 
laser radiation (0.004 nm) in both the visible (427-720 nm) and ultraviolet (215-385 nm) 
regions of the spectrum. 
The active medium used for this laser consists of one of several dyes dissolved in 
an appropriate solvent. In this experiment, Rhodamine 590 chloride (Exciton #5901) was 
used. The dye is used at a concentration of 1.1 x 104 M. The useful wavelength range of 16 
Table 2.1
 
CMX-4 Laser Specifications
 
Parameters 
Tuning Range 
Visible 
Ultraviolet 
Bandwidth 
Birefringent Filter Only 
With Interactive Etalon 
Output Power (nominal) 
Visible 
Lamp Voltage @ 6 kV 
R6G Dye @ 5890 A, 5 pps 
Ultraviolet 
Lamp Voltage 7 kV 
R6G Dye @ 6000 A, 10 
pps 
Pulse Duration (width at half height) 
Repetition Rate 
Front Panel Selectable 
By External Triggering 
Pump Source 
Wavelength Calibration 
Calibration Accuracy: 
Birefringent Filter 
Etalon and B. F. 
Ultraviolet Wavelength Generation 
Nominal Values 
435 to 730 nm 
265 to 365 nm 
3 cm' 
0.1  0.15 cm1 
46 mw 
15 mw 
1 vs 
30 pps (Max) 
5, 10, 15, 20, 30 pps 
0 to 30 pps 
Linear Flashlamp (Model L-1832, ILC 
Technology, Sunnyvale, CA) 
Via laser-induced impedance changes in a 
pulsed, hollow cathode lamp: 
±0.25A 
±0.05 A 
Via second harmonic generation in an 
angle-tuned ADP crystal 17 
these two dyes, dissolved in a 50% methanol (99.9% pure by volume) 50% water 
solvent, is 575 nm 610 nm. The dye has an approximate lifetime of 150,000 shots 
before the laser energy decreases to 1/2 of its initial intensity. 
Approximately four liters of laser dye solution are placed in a stainless steel 
container insulated by a styrofoam jacket and cooled to approximately 20°C with a 
refrigerated waterbath by water flowing through stainless steel tubing coils immersed in 
the dye. A small pump (Model 120-405, Miropump Corp., Concord, CA) is used to 
circulate the laser dye rapidly through the dye flow tube in the laser cavity. The dye flow 
rate is approximately 4.6 L/min causing the dye in the dye flow tube to be exchanged 
every 11 ms. 
A linear flashlamp is used to optical pump the active dye medium. The flashlamp 
and dye flow tube are placed at each focus of an elliptical reflector cavity. A typical lamp 
operation voltage is 7 kV. The total electrical energy input into the flashlamp is about 12 
J. The flashlamp pulse is about 1.2 i_ts in duration. A rapid stream of air which is passed 
between the flashlamp and a concentric air flow tube is used to cool the flashlamp. 
The CMX-4's narrow bandwidth accessory permits the operator to conveniently 
achieve outputs with bandwidth as narrow as 0.15 cm-1. Two intracavity optical 
components are used in the CMX-4 to control the lasing spectral bandwidth. This 
accessory consists of a six-position vertical turret in which up to five Fabry-Perot etalons 
can be mounted. The entire assembly is temperature controlled and mounted in the dust 
tight central compartment of the optical cavity. If a narrower laser bandwidth is required, 
a high-finesse Fabry-Perot etalon is rotated into the optical cavity. This intracavity etalon 
reduces the laser bandwidth to approximately 0.15 cnil (0.015 A at 3000 A). Both high 18 
and low finesse etalons are available to enable the operator to make tradeoffs between 
bandwidth requirements and energy output with a corresponding difference of 
approximately 50% in the laser power. 
Discharge Cell System For Oscillation Studies 
Figure 2.1 is a schematic diagram of the discharge cell used for the oscillation studies. 
The body of the cell is made of Delrin with two silica windows (0.D.=1.5 cm) to provide 
an optical path for emission and laser-excited optogalvanic excitation. An exhaust port to 
a vacuum pump and a control valve are used for initial evacuation and to maintain a low 
pressure (1 - 12 toff). The flat cathode is a demountable copper disk 4.8 mm in diameter. 
The flat anode is a copper disk 1.5 mm in diameter exposed to the discharge. The 
distance between the cathode and anode can be adjusted with a micrometer. In these 
following experiments the interelectrode distance is 12 mm. A slow Ar gas flow (25 
ml/min. at standard conditions, STP) from an inlet above the anode keeps the Ar gas 
fresh. The discharge operated in a positive dynamic resistance region (abnormal glow 
region) so a large current-limiting series resistor was not needed. 
A Heathkit (Model-15) universal dc power supply powered the discharge in series 
with two resistors of 590 and 10 O. The current was monitored by observing the voltage 
across the 10-52 resistor. 19 
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Figure 2.1. Discharge cell and potential probe positions. 20 
Potential Probes 
Four potential probes (Fig. 2.1) (m, n, o, p, which were 3, 5, 7, 9 mm from the 
anode, respectively) were used to monitor the potential relative to the anode. Each probe 
was made of 0.5-mm diameter copper wire with a 1-mm length exposed to the monitoring 
point in the plasma and connected to the input of an AD524 instrumentation amplifier via 
a voltage divider made of 22.74 -Me and 114.3-k0 resistors. The signal from the 
114.3-k0 resistor goes to the input of the instrumental amplifier. This circuit accurately 
detects signals up to 200 kHz. Above 200 kHz the circuit gain gradually decreases. 
Emission Monochromator System 
An emission monochromator was used to monitor emission signals from various 
regions of glow discharge. It is a Heath EUW-700 f/6.8, 0.35-m Czerny-Turner grating 
monochromator (Heath Instruments, Benton Harbor, MI) and uses a 48-mm square plane 
grating (blazed for 200 nm) with 1180 lines/mm, giving it a reciprocal linear dispersion 
of 2 nm/mm in the first order. Its slit width can be manually changed from 0 to 1500 tim. 
Its scanning control unit allows for one of nine programmed scan rates between 0.05 A/s 
and 20 A/s. A hollow cathode lamp (HCL) was used to calibrate the wavelength reading 
on the monochromator.  Its optical transducer is a RCA C31934 end-on photomultiplier 
tube (PMT) with a gallium-arsenide photocathode giving it an approximate spectral range 
of 200 to 930 nm and a sensitivity of 90 mA/W at 300 nm to 110 mA/W at 860 nm. An 
11-stage dynode gives the PMT a current amplification of 8000 when biased at -1000 V. 21 
Figure 2.2 shows the circuit used to monitor the transient emission from the glow 
discharge. The first amplifier serves as a current-to-voltage converter. The other two 
serve as voltage amplifiers. The AD524 instrumentation amplifier is used as the last 
stage to prevent circuit oscillation when the output is connected to an oscilloscope via a 
coaxial cable. 
Computer Interface 
Emission, potential and optogalvanic signals are observed with a digital 
oscilloscope (Le Croy 9400) which is interfaced to an IBM-PC using via the RS232C 
asynchronous interface. A half-duplex communications protocol was chosen to allow 
communication in only one direction at any given time. To enable RS232-C operation, 
the rear panel thumb wheel switch must be set to an address in the range 31 through 99 
prior to powering the 9400. Data collection and manipulation are computer controlled 
using a BASIC 3.0 program. For laser related experiments, the triggering pulse for the 
oscilloscope is from a photodiode on which part of the laser beam hits. All the potential, 
optogalvanic, and emission waveforms are stored in disk files and read into a spreadsheet 
(Quattro Pro, Borland International Inc.) using its macro operation for analysis and 
display. 22 
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Figure 2.2. PMT circuit. 23 
Sputtering Discharge Cell System 
For the jet-enhanced sputtering experiments, a six-jet glow discharge was used. 
This glow discharge cell was originally developed by the Analyte Corporation (Grants 
Pass, Oregon). The cell shown in Figure 2.3 consists of a Delrin chamber, which is 
internally 17.2 cm long and 3.8 cm in diameter with demountable quartz windows at each 
end. To maintain the sample temperature during the analysis, a water cooled copper 
cathode plate on the side of the chamber was used. A 0.8-cm diameter hole in the 
cathode plate with an o-ring is used to seal the flat sample. Located 1 mm from the front 
of the sample, the six jet nozzles are pointed so that high velocity jets of gas are directed 
towards the center and at an angle against the sample surface. After entering in that 
direction, the gas turned away from the sample towards the body of the chamber. The 
sputtered atoms were swept into the observation region. The jet number in use was 
decreased by blocking some of the jets with rubber material in the gas path. For the high-
gas-flow jet experiment, two high-speed vacuum pumps were used. The glow discharge 
cell was powered by a regulated power supply (Model 71, Lambda Electronics Corp.). 
The flow rate is monitored using a FC-280, 10 sccm full-scale mass flowmeter (Ty lan 
Corp.). 24 
Window 
Ar 
Figure 2.3. 6 -jet Atomsource 25 
CHAPTER 3 
OPTOGALVANIC AND OPTOPOTENTIAL SIGNALS
 
IN A GLOW DISCHARGE REVEAL ELECTRODE
 
COUPLING EFFECTS
 
Zhubiao Zhu and Edward H. Piepmeier 
Published in the Special Honor Issue of Spectrochimica Acta,
 
(Vol. 49B Nos 12-14 p1775-1985, 1994) Dedicated to J. D. Winefordner.
 26 
Abstract 
This study considers the coupling effect between the cathode and anode regions  the 
two most important regions in a glow discharge. Cathode and anode processes are tightly 
coupled by electron and ion coupling effects. Both electron and ion coupling effects were 
observed by studying excited Ar atoms in the cathode and anode regions and observing laser-
induced space charge variations and the optogalvanic effect. Laser-induced space charge 
variations in the glow discharge were observed by the change in potential of an electrical 
probe. This signal, called the optopotential signal, provides useful information about the 
cathode and anode processes, and may become another useful spectroscopic detection 
method. 
Introduction 
Interest in electrical discharges has remained high for many decades because of 
the application of low-pressure discharges to plasma processing [1], switches [2], lasers 
[3], and analytical applications [4], including detectors for gas chromatography [5-7], 
which are being investigated in our research group. A glow discharge has a distinctive 
arrangement of luminous and dark regions between the cathode and anode. The position 
and existence of the various regions depend upon the kind and pressure of the gas, the 
current density, and the applied potential difference across the discharge. In a typical 
example of a low-pressure normal glow discharge in a long cylindrical tube a few 
centimeters wide, starting from the cathode we have the cathode region (consisting of the 
Crookes dark space and the negative glow), the Faraday dark space region, the positive 27 
column, and the anode region (consisting of the anode dark space and the anode glow). 
Many experimental and theoretical studies have been done on processes in the cathode 
region [8-10], the anode region [11,12] and the positive column [13-15]. The cathode 
and anode regions are the two most important regions in sustaining the operation of the 
glow discharge. In this paper we report the correlation of the processes in these two 
regions. Electron and ion coupling mechanisms are proposed. In our next paper [16], we 
report how the electrode coupling effect plays a key role in glow discharge oscillations, 
including anode spot oscillations. In this paper we also report a phenomenon we refer to 
as the optopotential signal. This signal provides useful information about the cathode and 
anode processes, and may become another useful spectroscopic detection method. 
Experimental 
Figure 3.1 is a schematic diagram of the experimental set-up. The body of the cell is 
made of Delrin with two silica windows (o.d.=1.5 cm) to provide an optical path for 
emission and laser-excited optogalvanic excitation. An exhaust port to a vacuum pump 
and a control valve are used for initial evacuation and to maintain a low pressure (1  12 
toff). The flat cathode is a demountable copper disk 4.8 mm in diameter. The flat anode 
is a copper disk 1.5 mm in diameter exposed to the discharge. The distance between the 
cathode and anode can be adjusted with a micrometer. In the following experiment the 
interelectrode distance is 12 mm. A slow Ar gas flow (25 ml/min. at standard conditions) 
from an inlet above the anode keeps the Ar gas fresh. The discharge operated in a positive 28 
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dynamic resistance region (abnormal glow region) so a large current-limiting series 
resistor was not needed. 
The emission from the glow discharge is focused with a lens onto a Heath EUW-700 
0.35-m Czerney -Turner grating monochromator (Heath Instruments, Benton Harbor, MI). 
The f/6.8, 35-cm focal length monochromator employs a 48mm2 plane grating, blazed for 
200 nm, with 1180 lines/mm, giving it a reciprocal linear dispersion of 2 nm/mm in the 
first order. An RCA C31034 end-on photomultiplier tube is used as the optical 
transducer. From the image formed on the entrance slit of the monochromator this 
emission monitoring system gives a spatial resolution of 0.2 mm both vertically and 
horizontally. 
The laser used for these experiments was a Chromatix CMX-4 flashlamp-pumped 
tunable dye laser (Chromatix Inc., Sunnyvale, CA). The laser dye used rhodamine 590 
chloride prepared at a concentration of 1.1 x 10-4M in 41 of 50% methanol- 50% 
deionized water. The wavelength of the laser beam was 604.323 nm. The laser excites 
the Ar atoms from the 4p[21/2] state to the 5d[31/2]° state, and from the 4011/2] state to the 
6d[21/2]° state (same wavelength). The optogalvanic signals picked up from a small series 
resistor(10 CI) and emission signals were sent to a Le Croy model 9400A dual-channel 
175-MHz oscilloscope. 
Four potential probes (Fig. 3.2) (m, n, o, p, which were 3, 5, 7, 9 mm from the 
anode, respectively) were used to monitor the potential relative to the anode. Each probe 
was made of 0.5-mm diameter copper wire with a 1-mm length exposed to the monitoring 
point in the plasma and connected to the input of an AD524 instrumentation amplifier via 
a voltage divider made of 22.74-Me and 114.3-k0 resistors. The signal from the 30 
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114.3-k0 resistor goes to the input of the instrumental amplifier. This circuit accurately 
detects signals up to 200 kHz. Above 200 kHz the circuit gain gradually decreases. 
Results 
Emission profile of the discharge 
When the two electrodes are brought together, the cathode dark space and 
negative glow are unaffected while the positive column shrinks in length. This process 
continues so that eventually the positive column, and then the Faraday dark space are 
"consumed" but the other regions do not change significantly [17, 18]. The positive 
column is the region of the discharge that most nearly resembles a neutral plasma, and 
most of the classical electrical probe studies have been made on positive columns [17]. 
The positive column is essential for the existence of standing or moving striations or 
stratification waves; there will be no such phenomena without a positive column [19]. 
We chose to use a glow discharge without a positive column to simplify the discharge, 
and because a glow discharge without a positive column has a smaller volume, which 
reduces the size of the discharge, thereby reducing detector peak broadening when it is 
used as a detector for chromatography. 
Figure 3.3 shows the emission profile along the glow discharge at 6.0-torr 
pressure, 360-V cell voltage and 1.85-mA operating current. The emission wavelength is 
696.543 nm corresponding to the Ar transition 4s[11/2]°  4p'[1/2]. The emission peak 
close to the cathode is from the negative glow region. The peak close to the anode is from 200 
32 
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Figure 3.3  696.5-nm emission profile along the axis of the 
discharge at 360 V, 1.85, and 6.0 toff . 33 
the anode glow. Between the peaks is the Faraday dark space. The figure shows that 
there is no positive column in the glow discharge. 
Optopotential effect 
Figure 3.4 shows the optogalvanic signal and the potential V(a-m) of the anode 
relative to point m (see Fig. 3.2) at 6.0 toff, 360 V and 1.83 mA. The laser excited the Ar 
atoms in the anode region 0.35 mm from the anode. Since the voltage across the cell 
remains constant (the much smaller, <10-mV change across the 10-a current sampling 
resistor can be neglected), this is the potential variation in the discharge caused by laser 
excitation of Ar atoms and we call it the laser-induced optopotential signal. Laser 
excitation in the anode region causes an increased current signal (which is a well-known 
optogalvanic effect) and a decreased V(a-m) or anode fall voltage. The mechanism of the 
optopotential effect will be discussed later in the Theoretical Model Section. The damped 
oscillatory shape of these signals is discussed in Ref. [16]. 
Figure 3.5 shows a linear correlation between the height of the first peak of the 
optogalvanic signal and the peak height of the optopotential signal amplitude as the laser 
energy is varied. The laser beam energy was changed by various neutral density filters. 
The other experimental conditions are same as those of Fig. 3.4. This linear correlation 
indicates that the optopotential signal might be as useful as the optogalvanic signal for 
chemical analysis especially considering that its relative noise in Fig. 3.4 appears to be 
less than that of the optogalvanic signal. 
Figure 3.6 shows spectral scans of the optopotential and optogalvanic effects for 
the Ar 604.323-nm line. The line-width at half maximum is 0.15 nm (4.2 cm-1). The 34 
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Figure 3.6 Spectra of the optogalvanic and optopotential signals near 604. 
3 nm. Experimental conditions: 360 V, 1.85 mA , 6.0 torn, laser excites 
Ar atoms 0.3 mm from anode. 37 
nominal laser bandwidth is 3 cm' so the spectral shape is mainly determined by the laser. 
The small signal far from the line center is caused by part of the laser radiation contacting 
the anode surface, and no such background signal is observed when the laser is far from 
the electrode. The same behavior is observed for both signals. These spectra show that 
these laser-induced signals are primarily caused by laser excitation of Ar rather than laser 
interaction with electrode or cell surfaces. Similar signals are also observed at other Ar 
lines. The linearity and spectral resolution shown in Figs 3.5 and 3.6 makes the 
optopotential signal useful in spectroscopic applications. 
Figures 3.7  3.9 show the signals of V(a-m) as a function of different axial and 
radial positions of the laser in the discharge. Note that when the laser excites Ar atoms in 
the cathode region, the V(a-m) signal has a positive polarity, while laser excitation of Ar 
atoms in the anode region produces a negative polarity signal. These phenomena 
originate from electron and ion coupling effects which will be discussed in the 
Theoretical Model Section. A comparison of Figs 3.3 and 3.7 shows that emission and 
the optopotential signal are observed and absent in the same regions along the axis of the 
plasma. Signals were observed only near the anode and cathode because that is where 
electrons have sufficient energy to ionize a laser-excited Ar atom. Also there are more 
excited atoms in these regions to begin with than in the middle region. The visual part of 
the plasma agrees with the peak widths shown in Figs 3.8 and 3.9. 
The correlation of processes in the cathode and anode regions 
Figure 3.10 shows the signals for V(a-m) and V(p-z) caused by laser excitation of 
Ar atoms in the anode region 0.35 mm from the anode at 6.0 torr, 360 V and 1.83 mA. 38 
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Figure 3.9 Radial dependence of the amplitudes of the initial peak of the
 
optopotential signal V(a-m) produced by 604.3-nm laser excitation of Ar
 
atoms in the anode region 0.35 mm from the anode surface. Discharge conditions:
 
360 V, 1.83 mA, and 6.00 torr.
 41 
V(p-z)
 
V(a-m) 
Laser excites Ar atoms in the anode region. 
I I I I I  I  I I I 
Time (10 µs /div.) 
Figure 3.10  Laser excited optopotential signals for 604.3 -nm laser 
excitation of Ar atoms 0.35 mm from the anode. Discharge 
conditions: 360 V , 1.83 mA,and 6.0 torr. 42 
This result shows that a change of potential across the anode region produces a similar 
potential change in the cathode region but with opposite polarity. This indicates that the 
anode processes are coupled to the cathode processes. 
Under the same experimental conditions, when the laser excites the Ar atoms in 
the cathode region 0.7 mm from the cathode, the peak signals for V(a-m) and V(p-z) in 
Fig. 3.11 were obtained. This result shows that a change of potential across the cathode 
region produces a similar change in the anode region but with opposite polarity, again 
indicating that the cathode and anode processes are coupled to each other. 
Theoretical Model 
The cathode and anode regions of a glow discharge 
The coupling of the anode and cathode processes will now be explained with the 
help of a model of the glow discharge. Figure 3.12 shows a schematic diagram of a glow 
discharge. The essential processes in the cathode region are as follows. Electrons leaving 
the cathode are accelerated across the dark space, excite and ionize the gas, and are 
thereby multiplied in number by a factor M by the time the electrons arrive at the anode. 
Multiplication by M creates (M-1) new electrons and ions. Photons, excited and neutral 
atoms, and positive ions accelerated by the cathode fall hit the cathode and release new 
electrons. Suppose that for each of the (M-1) new electrons and ions formed in the gas, y 
electrons are released from the cathode by these various mechanisms. Then for the 
discharge to be self-sustaining the following condition must be satisfied [17]: 
Y(M-1) = 1 43 
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Figure 3.11  Laser-excited optopotential and optogalvanic signals for 
604.3-nm laser excitation of Ar atoms 0.7 mm from the cathode. 
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important characteristics. 45 
The multiplier M and the secondary electron emission coefficient y both depend upon the 
nature and pressure of the gas. 
The anode fall occurs because of the positive ions near the anode surface left 
behind as the anode pulls electrons from the plasma. This positive space charge attracts 
and accelerates other electrons from the center of the plasma and gives them sufficient 
energy to produce by collisions the final group of additional electrons that are needed to 
maintain the flow of current across the anode surface. The potential drop across this 
sheath (Va) is called the anode fall.  The anode fall in potential Va would be expected to 
be about equal to the ionization potential V or some lower critical potential Vex if 
cumulative ionization (i.e. by successive collisions) can occur such as when metastable 
atoms are present. 
Electrons that have gained enough energy to ionize are also able to excite, and 
therefore produce a layer of light very close to the anode surface. The accompanying 
excitation gives an anode glow, which may either cover part or all of the anode uniformly 
or be partly or entirely replaced by one or more approximately hemispherical spots as we 
will see in the next paper. 
The potential drop Va and the distribution of the field in this region are determined by 
a very simple condition. Electrons accelerated across this region must produce by 
collisions the required total number of electrons to maintain the discharge current. It is 
easy to see that if this condition were not fulfilled there would soon be too few electrons 
near the anode surface to supply the required current across the electrode surface. As the 
anode pulled electrons from the plasma, the decrease in electron density near the surface 46 
would produce a larger anode fall and more ionization would develop until enough 
electrons were produced to sustain the discharge. 
Space charge and its effect in the discharge 
Figure 3.13 shows the effect of a space charge on the discharge. A space charge 
of positive ions produces electric fields in opposite directions on the left- and the right-
hand sides of the space charge. The contribution of the fields to the cell voltage V is 
canceled for space charges in the middle of the cell. However, a positive space charge 
near the anode tends to make the anode more positive and thereby increase the cell 
voltage, while a positive space charge near the cathode tends to decrease the cell voltage. 
When a laser excites Ar atoms in the anode region more ionization takes place due 
to an increase in Ar atoms in the higher energy levels in the anode region. The increased 
number of electrons arrive at the anode causing the observed transient increase in current 
and decrease in anode potential observed just after the laser pulse as shown in Fig. 3.4. 
When the laser excites Ar atoms in the cathode region, more ionization takes place in that 
region, making the cathode more positive (since the extra electrons are quickly repelled 
by the negative potential of the cathode) and decreasing the cathode fall as shown in Fig. 
3.11. 
Electron coupling 
Consider what happens just after laser excitation of Ar atoms in the anode region. 
Keep in mind that the glow discharge is operated under constant cell voltage. The laser 
pulse causes excess electron-ion pairs and the extra electrons are immediately pulled to 47 
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the positive anode. Consider two electrons arriving at the anode -- one will remain in the 
anode, the other will move to the cathode via the external circuit so that the two electrons 
from the plasma make no change in the total cell voltage (see Fig. 3.14.). The result is 
that the cathode fall increases while the anode fall decreases. This mechanism is 
consistent with the results of Fig. 3.10, where at first V(p-z) increases and V(a-m) 
decreases. According to this mechanism the extra electrons that stay at the anode cause 
the V(a-m) signal, and the extra electrons going through the circuit to the cathode cause 
the optogalvanic signal observed across the resistor. Since there is an equal number of 
each, the signals they produce are proportional to each other as shown by the linear 
correlation between the optopotential and optogalvanic effects as shown in Fig. 3.5 and 
3.6. 
Ion coupling 
Now consider what happens when the laser excites Ar atoms in the cathode 
region, producing an excess of electron-ion pairs in this region. Consider two extra ion 
pairs. The extra electrons will immediately move away from the cathode region toward 
the center of the discharge because of their high mobility, leaving behind the extra 
positive ions, and thereby causing a decrease in the cathode fall. Two extra ions (not 
necessarily the same two produced by the laser excitation) at the cathode surface (Fig. 
3.15) will be neutralized by two electrons. One neutralizing electron will be one waiting 
near the cathode surface. Then, in order to keep the cell voltage constant, the other 
neutralizing electron can be envisioned as originating from the anode and travelling via 
the external circuit to reach the cathode surface where the neutralization occurs. Actually 49 
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the electron that enters the anode from the plasma induces, via the external circuit, an 
electron to leave the cathode and neutralize the second ion. Thus the neutralization of 
one ion is coupled to the anode. This electron increases the anode fall, and also increases 
the cathode fall by one-half of the original decrease in the cathode fall caused by the two 
original extra electrons associated with the laser pulse. The net result is that the cathode 
fall decreases, causing the V(p-z) signal to decrease, while the anode fall increases, 
causing the V(a-m) signal to increase, as seen in Fig. 3.10. 
Conclusions 
These studies have revealed electrode coupling effects in a glow discharge. The 
two most important regions in a glow discharge, the cathode and the anode regions are 
strongly coupled. There are two coupling mechanisms: electron coupling and ion 
coupling. A new detection method, the laser-induced optopotential effect provides useful 
information about the processes in the cathode and anode regions of a glow discharge. 
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Abstract 
Glow discharge oscillation is an old phenomenon but our mechanistic 
understanding of the processes involved continues to grow. A mechanism study is 
important especially now since a new type of sensitive GC detector is being developed 
based on this phenomenon. A SPAN model of glow discharge oscillation is proposed. 
SPAN is an abbreviation of four basic processes: source formation, propagation, 
accumulation, and neutralization of space charges. Electrode coupling couples the 
neutralization and source formation processes thus completing the feedback loop 
necessary for some of the observed oscillations to occur. Emission, space potential and 
current monitoring, and forced oscillations were used to monitor and identify the 
mechanisms. 
Introduction 
As is known [1] even the simplest electrical discharge processes are generally 
accompanied by instabilities and oscillation effects of various types. Since oscillation 
frequency can be determined with excellent precision, we have been studying oscillating 
glow discharges as detectors for chromatography [2-4]. A previous paper [5] has shown 
that an optopotential signal may be a useful spectroscopic detection method. The 
damped oscillatory shape of this signal is related to the oscillatory characteristics of the 
plasma as we will soon see. To reduce the size of the detector, the positive column of 
this glow discharge was eliminated. Therefore, the purpose of this research is to obtain 
information about the fundamental oscillating glow discharge processes and develop a 55 
model for an oscillating glow discharge that has no a positive column. These studies are 
the basis of further studies to understand how the oscillating glow discharge responds in 
the presence of various analytes. 
The development of any oscillation and its characteristics is determined by many 
factors such as pressure, cell voltage, electrode shape, etc., but is not yet completely 
understood. These factors exert an influence to a lesser or higher degree upon the 
oscillation phenomena of the discharge [6]. It is evident that oscillations may appear in 
both the cathode space and the anode space, as well as the positive column when the 
positive column is present. The cathode and anode spaces can be the source of periodic 
or aperiodic anisotropy and the instability in cathode region is important for oscillation 
[7]. No lle ascribes the origin of some oscillations to anode fall variations [8]. Rohner [9] 
suggests the occurrence of oscillations caused by ions emitted by the anode glow region. 
Some authors [10] suggest that the formation of negative ions and their decay in the 
cathode dark space of a glow discharge is responsible for the phenomenon of oscillations 
observed in their experiments. A model has been proposed for oscillation in a low 
pressure and low current region where negative differential resistance of the discharge 
plays a crucial role in the theory of the observed instabilities and oscillations [11]. Many 
experimental and theoretical studies have been done about processes in the cathode 
region [12-14], anode region [15, 16] and positive column [17-19]. Much work has been 
done on moving striations that are related to oscillations [20-22]. The moving striation 
couples with oscillations [23] and makes the oscillations more complex. 
A glow discharge often operates in the abnormal discharge region where current 
density is high, space charge effects are large, and where the discharge shows a positive 56 
differential resistance. From our experimental studies of this type of glow discharge we 
propose a mechanism called the SPAN mechanism for the glow discharge oscillations. 
SPAN is the acronym for the names of the four basic processes: source formation, 
propagation, accumulation, and neutralization of space charge. Electrode coupling 
couples the neutralization and source formation processes thus completing the feedback 
loop necessary for oscillations to occur. Emission, space charge variation and current 
monitoring, and forced oscillations were used to monitor and identify the mechanisms. In 
the following sections, we will illustrate the mechanism theoretically and experimentally. 
Experimental 
A schematic diagram of the experimental set-up is shown in Fig. 4.1. The system 
is the same as described in Ref. [5] except for the forced oscillation circuit. The body of 
the cell is made of Delrin with two quartz windows (0.D..1.5 cm) to provide an optical 
path for the emission and laser optogalvanic excitation. An exhaust port to a vacuum 
pump and a control valve are used for initial evacuation and to maintain a low pressure (1 
15 torr). The cathode is a demountable copper disk 4.8 mm in diameter. The anode is a 
copper rod 1.5 mm in diameter exposed to the discharge. Current densities were too low 
for significant sputtering to occur, even for copper. The distance between the cathode and 
anode was 12 mm. A slow Ar gas flow (25m1/min. at standard conditions) from inlet 
above the anode keeps the Ar gas fresh. 
The emission from the glow discharge is focused with a lens (Fig. 4.1) onto a 
Heath EUW-700 0.35-m Czerny-Turner grating monochromator (Heath Instruments, 57 
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Benton Harbor, MI). The f/6.8, 35-cm monochromator employs a 48 -mm2 plane grating 
(blazed for 200 nm) with 1180 lines/mm, giving it a reciprocal linear dispersion of 2 
nm/mm in the first order. The slit width and height were 0.5 mm. An RCA C31034 end-
on photomultiplier tube was used as the optical transducer. 
The laser used for this experiment was a Chromatix CMX-4 flashlamp-pumped 
tunable dye laser (Chromatix Inc., Sunnyvale, CA). The laser dye used was rhodamine 
590 chloride prepared at a concentration of 1.1 x 10-4M in 41 of 50% methanol- 50% 
deionized water. The optogalvanic signals and emission signals were sent to a Le Croy 
model 9400A dual-channel 175-MHz digital oscilloscope. 
Four potential probes (Fig. 4.2) (m, n, o, p; 3, 5, 7, and 9 mm from the anode 
respectively) were used to monitor the potential relative to the anode or cathode. Each 
probe was made of 0.5-mm diameter copper wire with a 1-mm length exposed to the 
monitoring point. Probes were connected to the input of an AD524 instrumentation 
amplifier via a voltage divider made of 22.74-Me and 114.3-k0 resistors. 
A Heathkit (Model-15) universal dc power supply powered the discharge in series 
with two resistors of 590 and 10 O. The current was monitored by observing the voltage 
across the 1042 resistor. For the forced oscillation experiment the power supply was 
floating and a Tektronix FG 502 Function generator was connected in series with the 
power supply and the discharge as shown in Fig. 4.1. The output of the function 
generator was a sine wave with a variable amplitude. The FG 502 is a low impedance (50 
S2) sinewave generator. The small ac component across the small resistance (590 S2 +50 
12) has little affect on the natural oscillations. No noticeable differences in natural 59 
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oscillation waveforms were observed whether the dc power supply was connected to 
ground directly or through the resistance as shown in the figure. 
Some Fundamental Results 
Voltage and pressure characteristics of oscillations 
Figure 4.3 shows the oscillation current peak-to-peak amplitude and period for the 
pressure region from 6.0 to 9.0 torr at a constant cell voltage of 360 V. There is no 
oscillation below 6 torr. After the pressure increases to 6.6 toff the system begins to 
oscillate with a period of 60.0 ps. This oscillation goes away after the pressure exceeds 
6.95 toff. This oscillation mode will be called C-mode and has the following 
characteristics: the C-mode oscillation period decreases with pressure as shown in the 
upper left-hand corner of Fig. 4.3, the anode glow sits in the center of the exposed anode 
surface, and the anode glow diameter is bigger than that of other modes. 
As the pressure increases above 7.7 torr the system suddenly begins to oscillate 
again. We will called this oscillation mode the R-mode. This oscillation is accompanied 
by an anode glow that sits on the edge of the exposed anode surface and the anode glow 
diameter is contracted relative to the C-mode. This R-mode has a hysterisis that causes 
the oscillations to continue to a pressure as low as 7.4 toff when the pressure is reduced. 
This is 0.3 toff lower than the pressure (7.7 toff) at which the R-mode begins to oscillate 
when the pressure is being increased. 
The C-mode disappears below 290 V cell voltage. Figure 4.4 shows the 
oscillation current and period for the pressure region from 6.0 to 16.5 toff at a constant 61 
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cell voltage of 280 V. Under this cell voltage, as the pressure increases to 9.2 torr the 
system begins to oscillate in the R-mode. In the pressure region between 11.5 and 15.4 
ton, the oscillation current waveform is distorted by non-uniform cycles. Figure 4.5 
shows a distorted waveform (bottom) at 13.4 toff along with a normal current oscillation 
waveform (top). 
As the pressure increases above 15.4 toff, the system oscillates in another mode 
we call the L-mode. In the L-mode, the anode glow still sits on the edge of the exposed 
anode surface. The oscillation amplitude and period increase with pressure. Other 
characteristics that are different from the R-mode will be shown later. 
Critical region behavior 
Figures 4.6 and 4.7 show the behavior of laser excited optogalvanic and 
optopotential signals, respectively, in the glow discharge in a critical region just before 
the pressure increases enough to cause oscillations. At a constant cell voltage of 360 V, 
as the pressure increases above 6.61 toff, the glow discharge begins to oscillate. In the 
critical region below 6.61 toff as the pressure increases, the optogalvanic and 
optopotential signals increase and become less damped. The closer the pressure is to 
6.61 torr, the closer the damped laser excited oscillation period is to the period of 
oscillation at 6.61 toff, and the less damped the oscillation becomes. 
Emission, current and potential monitoring 
Figures 4.8 and 4.9 show the emission, current and optopotential signals when the 
discharge oscillates at a cell voltage of 360 V, current 2.26 mA, and cell pressure of 6.72 64 
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Figure 4.5  Oscillation current waveforms: (1)  15.4 toff, 280 V and 3.97 mA; 
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Figure 4.6 Laser excited optogalvanic signals and discharge oscillation near 
C-mode threshold (Fig. 4.3). Discharge was operated at 360 V, (a). 6.0 torr, 
1.85 mA; (b). 6.26 torr, 2.04 mA; (c). 6.53 ton, 2.19 mA; (d). 6.58 ton, 
2.21 mA; (e). 6.61 torr, 2.21 mA. Laser excites Ar atoms 0.35 mm from 
anode surface. 66 
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Figure 4.7. Laser excited optopotential signals and discharge
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operated at 360 V, (a). 6.0 torr, 1.85 mA; (b). 6.26 torr, 2.04 mA;
 
(c). 6.53 torr, 2.19 mA; (d). 6.58 toff, 2.21 mA;(e). 6.61 toff, 2.21 mA.
 
Laser excits Ar atoms 0.35 mm from anode surface.
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Figure 4.9 Potential Probe monitoring of the oscillating discharge. Discharge was 
operated at 360 V, 2.26 mA, and 6.72 toff. 69 
toff. It can be seen when the discharge oscillates that the emission, current and space 
potential all oscillate at the same frequency. The emission signals are from two positions: 
one is from the anode glow region 0.6 mm from anode surface, and the other is from the 
cathode region 0.6 mm from the cathode surface. The oscillation amplitude of the 
emission from the anode region is much stronger than that from the cathode region. The 
oscillations of emission from both the anode and the cathode regions are in phase with the 
current. The phase of the oscillation of voltage V(a-m) across a and m (taking the m 
point as reference) is essentially 180° out of phase with the current and emission signals. 
The phase of the other space potential signals between adjacent probes V(m-n), V(n-o) 
and V(o-p) relative to the phase of V(a-m) are shown in Fig. 4.9. The reason for these 
phase relationships will be discussed in the theoretical model section. 
Theoretical Model 
From these experimental results we proposed a mechanism called the SPAN 
mechanism for the glow discharge oscillations. SPAN is the acronym for the four basic 
mechanistic processes involved: source formation, propagation, accumulation, and 
neutralization of space charge. In the following sections, we will illustrate the 
mechanism. 70 
Source formation 
In the Ref. [5] we reported the electrode coupling effect that shows that the anode 
and cathode processes are tightly coupled together. This effect completes the feedback 
loop necessary for oscillations to occur after the following SPAN processes occur. 
Figure 4.10 shows a schematic diagram of a glow discharge. The anode region 
plays a role as an automatically adjusting electron producer for the anode, while the anode 
itself acts simply as an electron collector. The ionization strength in the anode region 
depends on the potential fall across the anode region. The larger this anode fall, the 
stronger the ionization. The anode attracts electrons and repels positive ions so that a 
negative space charge builds up near its surface, forming a thin layer or sheath. 
It is convenient to start our discussion of the interacting SPAN processes by 
observing that the neutralization process (described in detail later) takes more electrons 
from the anode region causing the anode fall to increase (Fig. 4.11(-a)). When the anode 
fall exceeds a value which causes the electrons to have enough energy to ionize Ar atoms, 
then increased ionization as well as excitation and emission takes place. The increased 
ionization produces more ions as well as electrons in anode region; this is the source 
formation process, S, in Fig. 4.11(-b). 
The source formation processes can be identified from Figs. 4.8 and 4.9. Just 
before time Z in these two figures the neutralization processes cause the anode fall to 
increase which can be seen as the increase of V(a-m) shown in Fig. 4.9. At time Z the 
electrons in the anode region have enough energy to ionize Ar atoms so increased 
ionization takes place .  The increased electron concentration arriving at the anode causes 
the anode fall to decrease after time Z. The increased positive ions (source formation) in 71 
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the anode region make V(m-n) increase just after time Z owing to the higher ion 
concentration near the m probe. Due to the increased ionization, the emission from the 
anode region and the current also increase as can be seen in Fig. 4.8. Thus a 180° phase 
difference between current and V(a-m) results. 
Propagation and accumulation 
Figure 4.11(-c) is a schematic diagram of the propagation (P) and accumulation 
(A) processes. Positive space charge produced in the source formation processes in the 
anode region will propagate toward cathode direction by diffusion and under the electric 
field of the discharge. Even in a non-oscillating glow discharge there is always a small 
ion current from the anode to cathode that accompanies the large electron current that 
goes from the cathode to the anode. Both ions and electrons travelling in the discharge 
from one electrode to the other will be subject to transportation losses caused by electron-
ion recombination at the wall and in the discharge. This effect is represented as t.l. in Fig. 
4.11. 
The cathode region (the cathode fall and the negative glow) is the most important 
part of the discharge. Most of the potential drop between the electrodes occurs in the 
cathode dark space, the narrow region between the cathode and the negative glow. The 
ionization in the cathode fall depends on the fall in potential across that region. A 
stronger cathode fall corresponds to a stronger ionization effect. An increase of the 
electrons on the cathode surface increases the cathode fall. 
At the same time as the ionization in the anode region increases (source 
formation), half of the increased electrons are coupled (see Ret[5] for details about the 74 
electron coupling mechanism) to the cathode, thus causing the cathode fall to increase. 
The increased cathode fall increases the ionization and excitation in the cathode region as 
can be seen from the emission increase after time Z in Fig. 4.8. This is the reason that the 
oscillation of emission from both the anode and the cathode regions keep in phase with 
the current. Owing to high mobility, these new electrons in the cathode region quickly 
move toward the anode leaving behind the positive space charges that accumulate in the 
ion sheath near the cathode. The result of this ion accumulation process can be identified 
in Fig. 4.9 where there is a decrease of V(n-o) and V(o-p) beginning at time Z indicating 
an increase of positive ion density in the cathode region. The V(n-o) and V(o-p) decreases 
are due to more ions near the o probe than near the n probe and more ions near the p 
probe than near the o probe. The increased cathode fall also increases the excitation 
processes in the cathode region so emission increases after time Z. 
Neutralization 
Figure 4.11(d and a) shows a schematic diagram of the neutralization processes. 
When positive space charge reaches the cathode, it produces two effects: first, an equal 
number of electrons are pulled out from the cathode to neutralize the ions; second, ion 
bombardment of the cathode causes secondary electron emission, which is much smaller. 
For the copper cathode under our experimental conditions the ratio of the number of 
electrons pulled out from the cathode to the number of bombarding ions is about 0.1 [24]. 
There are two sources of ions approaching the cathode: one is from the accumulation 
processes and the other is from the anode source formation and propagation processes. 
According to the ion coupling effect [5], when two electrons are removed from the 75 
cathode to neutralize two ions, one electron must be replaced via the external circuit by 
an electron from the anode that originates from the anode sheath to keep the potential 
difference between the electrodes constant. The continuous pulling of the electrons from 
the anode causes the anode fall to increase (which can be seen from the V(a-m) signal in 
the later part of the period starting from time Z in Figs 4.8 and 4.9) and the cathode fall to 
decrease, and eventually another period of increase of ionization takes place due to the 
increased anode fall. 
The loop of the processes 
Figure 4.11 summarizes the four basic processes in the form of a cyclical loop. 
One process feeds the next process and the electrode coupling closes the cyclical loop 
allowing oscillations to occur under certain conditions. A discharge will not oscillate if 
the first perturbation of space charge in the anode region produces the next generation of 
space charge with a strength less than the first one after going completely around the 
SPAN loop. In this case a damped oscillation will appear as in Figs 4.6 and 4.7. Higher 
cell pressure favors oscillations because the same anode or cathode fall voltage changes 
will produce stronger ionization in the cathode or anode region (thus a stronger 
accumulation and source formation) since more atoms are in higher energy states. 
The SPAN glow discharge oscillation processes are tightly coupled together. All 
processes occur simultaneously at their own different stages. The fast processes follow 
the slowest ones so the slowest process mainly determines the oscillation period.  In the 
following sections we will discuss each process in detail under different experimental 
conditions. 76 
Forced Oscillations 
According to the SPAN mechanism, if in a non-oscillating system we periodically 
provide an additional removal of electrons from the electron sheath of the anode region, 
then the system should oscillate as if it were a natural oscillation. The following results 
agree with this mechanism. Forced oscillations were studied under conditions where the 
plasma was close to natural oscillation at pressures just below where the C-mode 
oscillations begin in Fig. 4.3. Self-sustained oscillations just after the C-mode 
oscillations begin are shown in Fig. 4.12. The experimental conditions are pressure 6.65 
toff; cell voltage 360V; cell current 2.23 mA. The oscillation has a period of 58.4 !is and 
amplitude of 45 pA. The lower trace is the voltage across a-m, V(a-m). 
The system is quiet (no oscillation) at 6.44 toff, 360 V and 2.19 mA at a pressure 
just prior to the C-mode oscillations. Figure 4.13 shows the result of the discharge under 
forced oscillation. Under the above conditions, an ac signal generator was connected to 
the system as shown in Fig. 4.1. The sine wave generator output amplitude was 1 V. The 
forced oscillation period was 58.4 ps. Figure 4.13 shows a correlation similar to that in 
Fig. 4.12 between the current oscillation and voltage oscillation across a-m, V(a-m). 
Point b of the output of the sine wave generator in Fig. 4.13 corresponds to the maximum 
cell voltage and thus the largest current. There is a small phase shift between point b and 
the maximum current. This phase shift is caused by the slow response and decay of Ar 
metastable atoms in the cathode region. These metastable atoms play important role in 
the C-mode oscillation which we will discuss later. The phase shift becomes smaller at 
lower frequency forced oscillation since the metastable Ar response and relaxation 
become relatively faster.  It should be noted that a 1-V amplitude of the sine wave 77 
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Figure 4.12 Natural oscillation of current and voltage V(a-m) at 6.65 toff, 
360 v, and 2.23 mA. 78 
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Figure 4.13  Forced oscillations of current and voltage V(a-m) at 
6.44 torr, 360 V and 2.19 mA. Lowest trace is the output of
 
sine-wave generator.
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generator produced a 1.8-V anode region voltage oscillation. The closer the system is to 
oscillating, the smaller the help needed for the system to start oscillation just as the 
results in Figs 4.6 and 4.7 show. 
Figures 4.14 and 4.15 show the amplitudes of oscillation current and voltage V(a­
m) vs the sine wave generator output period. The experimental conditions are the same 
as above. The results show that the maximum amplitudes of the forced oscillation current 
and voltage V(a-m) occur close to the natural oscillation period (60 gs) near the critical 
pressure of 6.61 toff on the boundary of the C-mode oscillations under these experimental 
conditions. The maximum forced response that is close to the natural oscillation period 
is due to the resonant effect. Periodic sourcing of the electrons from the anode sheath to 
the cathode produces a maximum of oscillation current if the forced oscillation period 
phase matches the natural oscillation period. A frequency offset from the resonant 
frequency causes phase mismatching and a smaller forced oscillation amplitude. 
Figure 4.16 shows the forced oscillation period effect on the phase shift between 
current minimum and voltage V(a-m) maximum. The current minimum and voltage V(a­
m) maximum are chosen because at natural oscillation they are in phase with each other 
(see earlier analysis about processes at time Z in Figs 4.8 and 4.9, source formation 
section). The experimental conditions are the same as the those of Figs 4.14 and 4.15. 
Clearly phase mismatching occurs far from the natural oscillation period region. When 
the forced oscillation period is shorter than the natural oscillation period the phase shift 
shows a positive value, which indicates the current phase occurs before that of the voltage 
V(a-m), while when the forced oscillation period is longer than the natural oscillation 80 
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Figure 4.14 Forced oscillation current amplitude versus period. Experimental
 
conditions: 6.44 toff, 360 V, 2.15 mA, sine-wave generator peak-peak amplitude
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Figure 4.16 Forced oscillation phase difference between current minimum and 
voltage V(a-m) maximum. Experimental conditions: 6.44 torr, 360 V, sine-wave 
generator peak-peak amplitude1.0 V. 83 
period the current phase lags behind that of the voltage V(a-m). Phase mismatching 
causes the system to have lower amplitude forced oscillations. 
Modes of Oscillations 
The above SPAN model gives a general mechanism for glow discharge 
oscillations. As we have seen in Figs 4.3 and 4.4 the characteristics of the oscillation are 
different under different experimental conditions.  Different oscillation modes give 
different characteristics of the oscillations. 
C-mode 
The C-mode oscillation shown in Fig. 4.3 has the following characteristics: the 
oscillation period is longer than that in the R-mode near the C-mode pressure region, and 
the oscillation period decreases with pressure. The C-mode oscillation is most likely 
caused when Ar metastable state atoms in the cathode region make a dominant 
contribution to the oscillation behavior. The increased cathode fall that accompanies the 
ion accumulation processes increases the concentration of metastable state atoms of Ar in 
the cathode region because of increased electron energy: 
Ar + e -->Ar(metastable)  . 
The increase in Ar metastable atoms increases the ionization and excitation processes 
from Ar metastables: 
Ar(metastable) + e ---> At'  . 
Ar(metastable) + e ---> Ar*  . 84 
These two processes can be monitored from the emission from the cathode region and the 
potential V(o-p) as shown in Figs 4.8 and 4.9. The metastable atom's lifetime Tc in the 
cathode region is determined by the collision processes. The periodic increase and decay 
of metastable Ar atoms in the cathode region dominates the oscillation period of the C-
mode since the metastable atom density change in the cathode region is the slowest 
process among the ionization processes (accumulation processes) for the C-mode 
oscillation. The period of oscillation is determined by the metastable Ar atom lifetime I', 
which is determined by collision rates. Higher pressure and high currents, at constant cell 
voltage, lead to higher collision rates and thus shorter Ar metastable lifetimes.  This is 
consistent with the decrease in period of the C-mode oscillation as the pressure is 
increased (Fig. 4.3). 
R-mode 
The R-mode oscillation exists in the higher pressure region indicated in Fig. 4.3 
and 4.4. Figures 4.17 and 4.18 show oscillation current, emission and probe-potential 
waveforms of the R-mode oscillation at 360 V, 3.67 mA and 8.4 torr.  The width of the 
emission pulse in the anode region (Fig. 4.17) is about 2 times wider than the potential 
pulse in the anode region, V(a-m), Fig. 4.18. At time Z in Fig. 4.18, the increased V(a­
m) reaches a value that gives the electrons in the anode region enough energy to excite Ar 
atoms from the ground state to metastable states. So the Ar metastable state density 
increases after time Z. The increased metastable Ar density also increases the ionization 
and excitation from the metastable Ar atoms. The increased emission from time Z can be 
seen from the emission waveform in Fig. 4.17. The metastable Ar atom's decay causes 85 
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Figure 4.17 R-mode oscillation current and emission waveforms at 
360 V, 3.67 mA and 8.41 toff. (1) 0.1 mm ; (2) -- 0.7 ; (3) -- 1.0 mm 
from the anode. 86 
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Figure 4.18 Probe potential differences in an R-mode oscillating 
glow discharge operated at 360 V, 3.67 mA, and 8.41 torr. 87 
the slow decay of the emission signal which is the reason for the wider emission signal. 
An increase of ionization from time Z in the anode region can be seen from an increase of 
V(m-n) from time Z. An increase of V(m-n) indicates that ions increase near the m-
probe. 
The ionization limit of Ar is 15.76 eV. Ionization from metastable atoms requires 
only about 4 eV since the four metastable states are in the region from 11.54 to 11.83 eV. 
The emission wavelength is 696.543 nm for Fig. 4.17 corresponding to the Ar transition 
4s[11/2] °(11.55 eV)  4p'[1/2](13.33 eV).  In the near anode region the electrons have 
enough energy to excite the Ar ground state to metastable states. Thus the electrons will 
have enough energy to both ionize and excite Ar metastable states. The anode glow 
gives information about where emission takes place in the anode region and roughly 
where the ionization takes place in the near anode region since electrons have enough 
energy to both excite and ionize Ar metastable states. The effective ionization and 
excitation region is determined by the electron density and electron energy. Outside the 
effective region either there are too few electrons or not enough energy to extensively 
excite or ionize. Metastable state atoms that diffuse out of the effective region will make 
no contribution to further ionization processes, so their lifetime is shortened by diffusion 
processes. The effective metastable lifetime Ta of an Ar atom in the anode region is 
defined as the time the atom can contribute to ionization from the metastable state. For 
the R-mode the anode glow is contracted in the radial direction especially for the bottom 
part of the glow. Therefore there is an effective lifetime Tra for atoms that take a short 
time to diffuse out of the effective region along the radial direction. The periodic change 88 
of the metastable state Ar atoms in the anode region dominates the oscillation period 
since it is the slowest process, which we will discuss in more detail in the next section. 
Tra is not a simple function of pressure. The increase in pressure increases the 
anode glow which can be seen visually for a large increase of pressure, such as 2 torr. The 
increase in pressure also increases the current and collision rate, which will decreases T.. 
Unlike the cathode region, in the anode region the electron collisions with metastable Ar 
are less frequent because of the lower electron energy and lower electron density in the 
anode region. So the diffusion effect dominates the lifetime of the metastables, which 
explains the increase of the oscillation period of the R-mode with pressure. 
Table 1 shows the directions of the change of current, probe potentials, and 
emission for the C-mode and R-mode at the point of minimum current signal (time Z in 
Figs 4.8, 4.9, 4.17 and 4.18). Here E(c) and E(a) are the emission signals from cathode 
and anode region, respectively. It can be seen that the difference between the C-mode 
and R-mode is the opposite directions of V(n-o) .  The n and o probes are situated at the 
middle of the discharge. At time Z both the cathode and anode regions begin to produce 
ions due to accumulation and source formation processes. The direction of V(n-o) 
changes from negative for the C-mode to positive for the R-mode because the ion 
production in the anode region for the R-mode is stronger than that in the cathode region. 
The transition region between C-mode and R-mode 
As proposed in Fig. 4.11 the oscillation processes involve a cyclical loop of 
processes. The anode region and cathode region processes are chained together. In the Tc 
dominated C-mode, as pressure increases Tc decreases and the difference between Ic and 89 
Table 1. Directions of change of various parameters for the C-mode and M-mode. 
Parame- Current  V(a-m)  V(m-n)  V(n-o)  V(o-p)  E(c)  E(a)
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C-mode +  +  +  +
 
R-mode +  - + +  + +
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Tra becomes bigger since in the C-mode the anode glow has a large radial size. The large 
Tra (slow removal of the metastable state Ar atoms in the anode region) hinders 
oscillations with short periods such as these encouraged by the short Tc. Further increases 
in pressure stops the oscillation (see Fig. 4.3). The competition between Tra and Tc is 
resolved by the formation of the contracted anode glow (Fig. 4.3), which allows the R-
mode to begin. The contracted anode glow decreases T. allowing the system to oscillate 
again. 
Further evidence can also be observed from the fact that when the pressure is 
being lowered, the system remains oscillating in the R-mode at lower pressures than the 
pressure above which the system begins to oscillate when pressure is being raised (Figs 
4.3 and 4.4). The hysteresis is caused by the anode glow structure. In the hysteresis 
region, there exist two different anode structures: (1) the anode glow sits on the center of 
the anode and, (2) the contracted anode glow sits near the edge of the anode. From non-
oscillation to oscillation as pressure being increased, the discharge operate with anode 
structure 1. The system is difficult to get oscillating with structure 1 because of the 
conflict between T. and Tc, and it will continue to oscillate at higher pressure. From 
oscillation to non-oscillation as pressure is decreased, the system operates with anode 
structure 2. The system oscillates easier with structure 2 since the conflict has been 
resolved, and it continues to oscillate at lower pressure. 
L-mode 
The region of the L-mode oscillation at high pressure is indicated in Fig. 4.4. The 
current, emission and voltage waveforms of the L-mode at 280 V, 3.97 mA and 15.4 toff 91 
are shown in Figs 4.19 and 4.20. The directions of the change of current, voltage and 
emission for the L-mode at the time of oscillation current minimum are the same as those 
of the R-mode (Table 1). The main difference between the L-mode and the R-mode can 
be seen from the emission results in Figs 4.19 and 4.17. The maximum of the emission 
signals shows an increased delay in time as the monitoring point moves away from the 
anode surface (line 1, 2 and 3, respectively). Figure 4.21 shows the spatial distribution of 
the emission along the axis of the discharge near the anode at different times. Notice how 
the maximum in the curves moves to a greater distance from the anode for greater times 
relative to the current minimum  a typical diffusion produced phenomenon. 
The L-mode exists at a higher pressure region. At higher pressures, electron 
collisions increase and electron energy loss due to collisions increases. Thus, only those 
electrons reaching the region near the anode surface have enough energy to excite Ar 
atoms from the ground state to the metastable state. Therefore the metastable Ar atoms 
form near the anode surface region and then diffuse outward. When they are diffusing, 
electrons collide with them, thus exciting and ionizing them. The excited atoms then 
emit as shown in Fig. 4.21. 
Similar to the radial diffusion effect, the longitudinal diffusion effect influences 
the effective Ar metastable state lifetime. The metastable Ar atoms diffusing 
longitudinally towards the cathode will leave the effective ionization region near the 
anode and then their contribution to ionization will be lost. This contribution to their 
lifetime is represented as Tia  .  Therefore L-mode oscillations are influenced not only by 
radial diffusion of the metastable Ar atoms formed near the anode surface but also by 
their axial diffusion as shown in Fig. 4.21. 92 
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Figure 4.19 L-mode oscillation current and emission waveforms at 280 V , 
3.97 mA and 15.4 torr, (1) 0.1 mm; (2) 0.6 mm; (3) 1.35 mm from the anode. 93 
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Figure 4.20 Probe potential differences in an L-mode oscillation. Discharge 
conditions: 280 V, 3.97 mA and 15.4 toff. 94 
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Figure 4.21  Spatial distributions of the emission (e.g., from Fig. 4.19) 
along the axis of the discharge near the anode region at different times: 
(1) 9.2 gs; (2) 22.4 gs; (3) 54.4 !is from the current minimum point. 
Discharge conditions: 280 V, 3.97 mA and 15.4 toff (L-mode). 95 
RL-mode 
RL-mode oscillations are combined modes that exist at pressures between the R-
mode and L-mode as shown in Fig. 4.4. Figures 4.22 and 4.23 show the more 
complicated waveforms of the current, emission and potential probe monitoring of the 
discharge in the RL-mode of oscillation. The experimental conditions are 360 V, 3.25 mA 
and 10.0 ton. 
The most apparent different feature of the RL-mode oscillation from other modes 
is that the current waveform shows two different pulses during one oscillation period. 
Another characteristic is that the emission waveforms differ strongly with the positions at 
which the emission is monitored. The emission maximum is delayed about 35 [is between 
waveform 1 and waveform 3 in the region between time Z and D in Fig. 4.22. This delay 
phenomena, similar to the L-mode, indicates that the longitudinal transport plays an 
important role in the RL-mode as it does in the L-mode. At time D (Figs 4.22 and 4.23) 
another source formation process begins that will be influenced mainly by radial 
diffusion. One group of Ar metastable state atoms has left the anode region by 
longitudinal transport, terminating its contribution to the anode ionization processes. 
This loss causes the anode fall to increase to start another source formation process. 
Unlike the L-mode, at time D current begins to rise again while emission is still relatively 
strong far away from anode region (see waveform 3 in Fig. 4.22), which indicates a high 
Ar metastable atom density at that distant region. The rising current at time D indicates 
another source formation process that is caused by the increased anode fall voltage (see 
Fig. 4.23 V(a-m)). At time D the electrons under the anode fall electrical field 
acceleration gain enough energy to excite Ar atoms near the anode from the ground state 96 
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Figure 4.22 RL-mode oscillation current and emission. Dischargeconditions: 360 V,
 
3.25 mA and 10.0 torr. Emission from (1) 0.1 mm; (2) 0.6 mm; (3) 1.1 mm from 
anode surface. 97 
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Figure 4.23 RL-mode oscillation potential probe monitoring of the discharge 
operating at 360 v, 6.25 mA and 10.0 torr. 98 
to metastable states, causing the metastable Ar atom density to increase near the anode 
region. The increase in metastable state Ar atom density near the anode produces two 
detectable effects: first the emission from that region (waveform 3 in Fig. 4.22) begins to 
increases; and second V(m-n) begins to increase, which indicates that increased 
ionization is producing more ions at near the m-probe. 
The system is different at time D than at time Z. Unlike time Z, At time D the 
metastable Ar atom density is high far away from anode region, which causes two effects: 
first the emission from the distant region is higher (see emission waveform 3 following 
time D in Fig. 4.22) since the Ar metastable atom density is high there; and second part of 
electrons that excite Ar metastable atoms in the distant region lose energy and do not 
reach the anode with enough energy to excite Ar atoms from the ground state to the 
metastable state. This loss in electron energy causes fewer Ar metastable atoms than the 
metastable atoms formed following time Z. This difference can be seen by comparing the 
emission waveforms following times Z and D (waveform 1 of Fig. 4.22). The low 
concentration of Ar metastable state atoms near the anode region after time D reduces 
longitudinal transport and allows radial diffusion to become more dominant. Therefore, 
we can see that for the RL-mode both the radial and longitudinal Ar metastable state atom 
transport play important roles for oscillation. 
Conclusions 
Emission, space potential, current monitoring, and forced oscillations were used 
to identify possible mechanisms that control different modes of oscillation in a glow 99 
discharge that has no positive column. Based on the experimental results, a SPAN model 
of glow discharge oscillation is proposed: source formation, propagation, accumulation, 
and neutralization of space charges. Electrode coupling couples the neutralization and 
source formation processes thus completing the loop of processes necessary for 
oscillation. 
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CHAPTER 5 
CATHODIC SPUTTERING UNDER HIGH-GAS-FLOW JETS 
Zhubiao Zhu and Edward H. Piepmeier 
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Abstract 
Studies of cathodic sputtering with gas flow rates up to 2.13 L /min. /jet were 
carried out in an Atomsource sputtering atomizer with Ar as the jet gas and Cu as the 
cathode sample. These flow rates are 20-fold greater than those normally used and were 
found to increase net sputtering yield significantly. A four-fold increase in net sputtering 
yield was observed when the number of jets in use was decreased from 6 to 1, with the 
gas flow rate and other conditions held constant.  Possible explanations for these effects 
are offered. 
Introduction 
Cathodic sputtering in a glow discharge is an electrical means of atomization in 
which atoms of the cathode are ejected from the cathode into the vapor phase as a result 
of bombardment by and subsequent momentum transfer from accelerated discharge-gas 
ions to the target cathode material. In recent years, much research emphasis has been 
placed on the direct introduction of solid sample materials into spectroscopic sources for 
subsequent elemental analysis. In particular, the technique of cathodic sputtering in a 
glow discharge has been used in the analysis of samples by many spectroscopic 
methods.1'2 In 1960, Gatehouse and Walsh reported the use of cathodic sputtering to 
directly atomize a solid sample for atomic absorption analysis.3 Gough improved direct 
solid sampling for atomic absorption analysis by using a flowing gas cell instead of a 
static cell.4 In 1987, a jet-enhanced sputtering atomizer, called the Atomsource (Analyte 
Corporation, Grants Pass, Oregon) was introduced by Bernhard.5 Kim and Piepmeier 103 
reported the increase in sample loss rate and absorbance produced by the use of gas jets 
using an Atomsource and a modified single-jet glow discharge source.' Chakrabarti et 
al.6 reported studies on the atomization of solution residues deposited on metallic 
cathodes, and Winchester and Marcus 7 used the Atomsource to atomize nonconducting 
powders. Gough et al. reported studies of enhancement factors of atom production rates 
for the Atomsource and the Gough system.8 This paper reports the results of net 
sputtering yield under high-gas-flow jets and discusses the possible mechanisms for the 
enhancement of the net sputtering yield. 
Sputtering yield in vacuum is a function of ion bombardment energy, and there 
exists a threshold above which the sputtering yield increases rapidly with the ion energy.' 
The sputtering yield for copper sputtered by Ar ions has a threshold of 17 eV in a 
10 vacuum. 
The energy distribution of ions bombarding the cathode becomes complicated in a 
glow discharge due to collisions. An ion arriving at the interface between the glow and 
the cathode fall has a kinetic energy that is negligible compared with the cathode fall 
potential difference. In the absence of collisions, the ion would accelerate across the 
cathode fall, gaining kinetic energy as it does so, and would hit the electrode with an 
energy equivalent to the cathode fall voltage V. However, the ion usually undergoes 
collisions, with or without the exchange of charge!' Symmetrical charge exchange 
during a collision, where an ion exchanges charge with an atom of the same element, is 
the main cause of energy loss of ions accelerating toward the cathode. In the cathode fall 
region (see Figure 5.1), a collision between an ion which has been accelerated and an 
atom (or molecule) of the same gas results in a transfer of an electron from the atom to 104 
Ion strikes neutral,
 
charge exchanges
 
Ion enters 
fall and 
accelerates 
Forms fast 
neutral and 
slow ion  .. 
I  d < > 
Cathode fall  Glow region 
Figure 5.1 Charge exchange in the cathode fall. 105 
the ion, while most of the kinetic energy may not be exchanged. After the collision, a fast 
neutral atom proceeds in the direction of the electric field and a slow positive ion of 
thermal energy slowly moves away. 
12,13  The slow ion is accelerated in the direction of the 
electric field. This series of events is equivalent to a positive ion losing all its kinetic 
energy and starting from rest after the collision. Therefore any ion which strikes the 
cathode could only have an energy acquired along the last free path after a charge 
transfer collision. For a static system, according to Davis and Vanderslice, the number of 
symmetric charge exchanges that occur depends on the product of gas pressure (p) and 
the cathode fall length (d).11 Measurement of energy distribution for Ar+ from an argon 
planar discharge at 600 V and low pressure (0.06 toff) shows the average ion energy is 
only about one-fifth of the cathode fall potential while the ions sampled from the base of 
a hollow cathode have energy close to the applied potential.9'2 This is likely due to the 
very thin dark space peculiar to this type of discharge, which allows only a limited 
number of collisions to occur whatever the pressure is.2"4 
Redeposition of sputtered material in a static Grimm type glow discharge is very 
high, and the degree of redeposition increases as pressure increases.15.16 Net sputtering 
yield (Y) is defined as the net number of sputtered atoms which leave the sample per 
incident ion. Due to redeposition some of the sputtered atoms go back to the cathode, 
reducing the net sputtering yield. A gas jet system aids in the reduction of redeposition. 
The gas flow entrains the sputtered atoms and transports them away from the cathode. 
One would expect that the higher the gas flow rate, the greater the sweeping away effect. 
It is not clear whether a high gas flow rate increases the sputtering yield. The usual 106 
operational flow rate is below 0.6 L/min for the six-jet atom source operation, or 0.1 
L/min./jet at STP. We ran the system with a flow rate up to 2.13 L/min./jet. 
In order to evaluate the role of the jet effect on the sputtering, weight-loss 
measurements were made. Sputtering yields under different experimental conditions are 
very important to understand the behavior of sputtering under the influence of a jet. The 
net sputtering yield Y can be calculated according to the equation 
Y=WNe/(Mi+t)  (1) 
where W is the weight loss in grams, N is Avogadro's number (mole-1), e the electronic 
charge (c), M the relative atomic mass of the sputtered species in grams, i+ the ion 
current(A), and t the sputtered time in seconds. The ion current is related to the total 
current by 
i+ = i/(1+y)  (2) 
where y is the number of electrons released, on the average, by one ion, which for argon 
is 0.1.17 Because y is relatively constant over the range of incident ion energies in this 
experiment," the sputtering current is essentially proportional to the total current. 
Experimental 
Figure 5.2 shows a block diagram of the experimental set-up. The high-gas-flow 
jet glow discharge sputtering cell used in this study is an Atomsource (Analyte Corp., 
Grants Pass, Oregon), which uses six high-velocity gas jets that are pointed at an angle to 
impinge upon the cathode (sample) surface. Ar gas (Grade 5) was used as a sputtering 
gas. For the high gas flow jet experiment, two high speed pumps were used and the jet 107 
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Figure 5.2 A block diagram of the experimental set-up. 108 
number in use was decreased by blocking some of the jets with rubber material in the gas 
path. The glow discharge was powered by regulated power supply (Model 71 Lambda 
Electronics Corp). Sputtering cell current was read off current meter in the circuit.  Thin 
oxygen-free copper sheets, 25 x 25 mm square and 0.25 mm thick are sputtered. These 
samples are mounted on the Atomsource by backing them with a 1-cm thick brass block. 
The amount of sample lost is determined by weighing on an analytical balance (Micro 
Gram-Atic Balance(1 micro gram precision), Type: M5, Made in E. METTLER Ziirich). 
The sample cathode is cooled at 20 °C by water cooling (2095 Bath & Circulator, Forma 
Scientific). A mass flowmeter (Ty lan Corp. model FM-360) with a micrometer valve in 
the gas inlet was used to control the gas flow rate. The flow meter has two modes of 
operation. It can be set to a specific gas flow rate or used just as a flow meter. The 
valves between the Atomsoures and two vacuum pumps (Welch Due-seal vacuum pump 
model 1374 and Edwards two-stage high vacuum model E2M5) control the pressure in 
the discharge. A variable reluctance transducer (Validyne # AP10) was used with a 
carrier demodulator (Validyne # CD15) to provide a d.c. voltage proportional to the glow 
discharge pressure. Experiments were carried out in the pressure range from 6.5 - 9 torr, 
with flow rates from 0.4 to 2.2 L /min. and with voltages from 280 to 400 V. The sample 
was pre-burned (sputtered several minutes using low flow gas) before sputtering 
measurements to clean the sample surface. For all the experiments, the mass of sample 
ablated (used for the sputtering yield calculation) is in the region 1.5 to 2.3 mg per crater. 
That corresponds to an obvious crater formation. The relative standard deviation of net 
sputtering yield measurement in that sample loss region is 4%. That corresponds to 
sputtering times from minutes to an hour for different experimental conditions. 109 
Results and discussion 
Figures 5.3 and 5.4 show the net sputtering yield and current versus cell voltage at 
8 torr for two different gas flow rates; 2.13 L/min (1 jet) and 1.36 L/min (2 jet), which 
corresponds to a gas flow rate of 0.68 L/min/jet. The net sputtering yield increases with 
cell voltage. The very small value of sputtering yield at low cell voltage probably is due 
to most argon ions bombarding the cathode with energies below the threshold voltage 
because of the low cell voltage combined with energy loss due to symmetric charge 
exchange. It is clearly seen that high flow rates increase the net sputtering yield when 
other conditions are held constant. 
One characteristic of a gas jet is its high local pressure. The product (pd) does 
not change with gas pressure if there is no cumulative ionization, according to the gas 
discharge similarity principle.13 Several processes can decrease the cathode fall length 
and thus result in a high ion energy. This can be understood by analyzing the factors 
which determine the cathode fall length "d". 
The cathode fall potential is mainly produced by a negatively charged layer on the 
cathode and a positive ion distribution near the cathode. The electric field in the cathode 
fall is very strong near the cathode and almost linearly decreases to nearly zero at the 
boundary of the cathode fall. The electric field produced by the positively charged ions 
near the cathode cancels (shields) that produced by the negatively charged layer on the 
cathode, thus producing a nearly zero electric field beyond the boundary of the cathode 
fall.  An increase in the positive charge density near the cathode will decrease the 
cathode fall length since a shorter distance is needed to shield the cathode negative 
charge. That is, a shorter distance to the cathode is needed to balance the electric field 110 
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Figure 5.3 Net Sputtering yield vs cell voltage at 8 toff when 1 and 2 jets are 
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caused by the additional positive charge. When the cell voltage is increased more 
positive ions are produced near the cathode so a shorter "d" results." In a hollow cathode 
discharge the ion and photon losses are minimal so there is high ion density near the 
cathode; thus the cathode fall length is very short and less charge exchange and high ion 
energy result. 
Any processes which increase the ion density near the cathode will decrease the 
cathode fall length resulting in higher ion energies. A shorter cathode fall length is also 
produced by metastable state atoms since they are more easily ionized by electron impact 
and they cause Penning ionization. These processes are very important in a glow 
discharge.18'19  It is reported that Ar metastable ions make unsymmetric charge exchanges 
with Cu atoms. The resulting Cu ions will experience fewer collisions relative to Ar ions 
due to a smaller relative population and will strike the cathode with more energy and 
presumably create a better sputtering yield.2° This may also contribute to the increased 
sputtering yield in our high gas flow sputtering. This system, when operating in a static 
mode at higher pressure, did not sputter as efficiently because of strong redeposition. The 
high pressure static system was usually unstable, probably due to sputtered material 
clustering that reduces diffusion rates and randomly blocks current flows. 
The second characteristic of a gas jet is the movement of gas. The gas jet pushes 
additional ions into the high electric field region of the cathode fall. Sweeping ions away 
from cathode fall is unlikely until they finish the sputtering processes (bombarding the 
cathode and becoming neutralized) due to the high electric field there. The pushing effect 
increases the ion density near the cathode and thus causes a shorter cathode fall and less 
charge exchange results. 113 
The high local pressure caused by a gas jet results in a higher current, which 
increases the metastable state Ar atom population by increased collisions between Ar 
ground state atoms and electrons, thus decreasing the cathode fall length which results in 
higher ion energies. Ion energies have been measured at low pressure (0.06 torr) but they 
are difficult to measure at high pressure due to the high vacuum needed in the detecting 
system." Higher current increases the Cu ion population which also increases the Cu ion 
sputtering effect discussed above. In conclusion the high pressure of a gas jet favors 
sputtering. 
Current density is roughly proportional to the square of pressure, which causes the 
current density in the high gas flow jet to be very high.  Sputtering outside of the jet-
sputtered area is negligible, which can be seen from the deep crater produced by the jet, 
while the region outside the crater appears unsputtered. 
In Figure 5.3 there are two reasons for the net sputtering yields to increase rapidly 
with cell voltage: one is the increase in the electric field even if there is no change in the 
cathode fall length; the other is due to the mechanisms associated with an increase in 
argon ions, discussed above. From Figures 5.3 and 5.4 it is clear that there is a 
correlation between current and sputtering yield. At the same cell voltage high gas flow 
corresponds to high current and high net sputtering yield. 
Gas flow rate experiments show how the gas flow rate influences the sputtering 
yield. Figure 5.5 shows the net sputtering yield vs gas flow rate in the 2-jet and 6-jet 
cases at 380 V cell voltage and 8 torr. For both cases the net sputtering yield increases 
with an increase in gas flow rate. It can be seen that the system with 2 jets has higher net 
sputtering yield than that with 6 jets. 114 
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Figure 5.6 shows net sputtering yield vs cell pressure at an applied voltage of 380 
V for the two jet case with a flow rate of 1.06 L/min. Three data sets are averaged to 
improve the relative precision by a factor of 3 Two effects are predicted here:  1) a 
negative effect: Increasing the cell pressure decreases the gas flow velocity thus 
decreasing the sweeping away effect and therefore the net sputtering yield, and 2) a 
positive effect: At constant total gas flow rate the product of gas flow speed and the gas 
jet pressure should be a constant; so increasing the cell pressure increases the jet pressure, 
which causes higher current and increased metastable state Ar atom density near the 
cathode. These cause "d" to decrease, which increases the sputtering yield as discussed 
before. The loss of net sputtering yield caused by the decrease in gas flow might be 
expected to be balanced out by the increase in net sputtering yield caused by the decrease 
in "d". The increase shown in Figure 5.6 therefore might be due to the sweeping away 
effect beginning to saturate at these high gas flow rates; if that were the case, the loss in 
net sputtering yield caused by the sweeping away effect would not be as great as 
expected, allowing the positive effect of the decrease in "d" to dominate. 
Figure 5.7 shows the net sputtering yield vs the number of jets in use at a flow rate 
of 2.13 L/min, an applied voltage of 345 V, and 8 toff pressure. A lower applied voltage 
was used to keep the current for the 1-jet case within the power supply limitation. The net 
sputtering yield increases about four times as the number of jets in use decreases from six 
to one. Since the mass flow rate is constant, a decrease in the number of jets in use 
corresponds to an increase of gas flow per jet and an increase in local pressure. The 
increase in sweeping the sputtered atoms away from the surface and the decrease in "d" 
combines to produce this significant increase in net sputtering yield. 116 
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Using the ion energy distribution data at low pressure (0.06 torr) and 600 V cell 
voltage 11 and sputtering yield data in a vacuum, we calculate an average sputtering yield 
of less than 0.08 (since their higher cell voltage discharge has a shorter "d", this value is 
an overestimation) at 0.06 torr and 400 V for static glow discharge operation. The net 
sputtering yield in Figure 5.3 at 400 V is at least four times higher than that value because 
of the gas jet effect. This information is useful in the design of a more efficient gas jet 
sputtering system. 
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SUMMARY
 
A glow discharge is one of the most important forms of plasmas. Glow discharge 
devices were some of the earliest spectrochemical sources. Glow discharge devices are 
receiving increased interest within the analytical community. In our studies three aspects 
of glow discharges have been studied: glow discharge oscillations, sputtering, and 
coupling between the cathode and anode regions. 
The cathode and anode regions are the two most important regions in a glow 
discharge. Although these two regions are physically separated we have found a 
correlation between them. Cathode and anode processes are tightly coupled by electron 
and ion coupling effects. Electron coupling refers to the mechanism of how electrons 
arriving at anode are shared by the two electrodes. Consider two electrons arriving at the 
anode -- one will remain in the anode, the other will move to the cathode via the external 
circuit so that the two electrons from the plasma make no change in the total cell voltage. 
The result is that the cathode fall increases while the anode fall decreases. Ion coupling 
refers to the mechanism of how ions arriving at the cathode are shared by the two 
electrodes. Two ions at the cathode surface will be neutralized by two electrons. One 
neutralizing electron will be one waiting near the cathode surface. Then, in order to keep 
the cell voltage constant, the other neutralizing electron can be envisioned as originating 
from the anode and travelling via the external circuit to reach the cathode surface where 
the neutralization occurs. Actually the electron that enters the anode from the plasma 
induces, via the external circuit, an electron to leave the cathode and neutralize the second 
ion. Thus the neutralization of one ion is coupled to the anode. The result is that the 
cathode fall decreases, while the anode fall increases. Both electron and ion coupling 121 
effects were observed by studying excited Ar atoms in the cathode and anode regions and 
observing laser-induced space charge variations and the optogalvanic effect. 
Laser-induced space charge variations in the glow discharge were observed by the 
change in potential of an electrical probe. This signal, called the optopotential signal, 
provides useful information about the cathode and anode processes, and may become 
another useful spectroscopic detection method. 
Glow discharge oscillations are old phenomena but our mechanistic understanding 
of the processes involved continues to grow. A mechanism study is important especially 
now since a new type of sensitive GC detector is being developed based on this 
phenomenon.  Emission, space potential and current monitoring, and forced oscillations 
were used to monitor and identify the mechanisms. A SPAN model of glow discharge 
oscillation is proposed. 
The SPAN model can be briefly described as following. The neutralization 
process (described later) takes more electrons from the anode region causing the anode 
fall to increase. When the anode fall exceeds a value which causes the electrons to have 
enough energy to ionize Ar atoms, then increased ionization as well as excitation and 
emission takes place. The increased ionization produces more ions as well as electrons in 
anode region (Source formation process). Positive space charge produced in the source 
formation processes in the anode region will propagate toward the cathode direction by 
diffusion and under the electric field of the discharge (Propagation process). At the same 
time as the ionization in the anode region increases, half of the increased electrons are 
coupled to the cathode, thus causing the cathode fall to increase. The increased cathode 
fall increases the ionization and excitation in the cathode region. Owing to high mobility, 122 
these new electrons in the cathode region quickly move toward the anode leaving behind 
the positive space charges that accumulate in the ion sheath near the cathode 
(Accumulation process). When positive space charge reaches the cathode, it will be 
neutralized by electrons from cathode (Neutralization process). According to the ion 
coupling effect, when two electrons are removed from the cathode to neutralize two ions, 
one electron must be replaced via the external circuit by an electron from the anode that 
originates from the anode sheath to keep the potential difference between the electrodes 
constant. The continuous pulling of the electrons from the anode causes the anode fall to 
increase and the cathode fall to decrease, and eventually another period of increase of 
ionization takes place due to the increased anode fall as described above. Electrode 
coupling couples the neutralization and source formation processes thus completing the 
feedback loop necessary for some of the observed oscillations to occur. 
Four modes of oscillations are found. C-mode oscillation is dominated by 
cathode region Ar metastable atom related processes. R-mode is the anode region Ar 
atom radial diffusion process dominated mode. L-mode is the anode region Ar atom 
longitudinal diffusion dominated mode, while RL-mode is a combination of both R and L 
modes. 
In recent years, much research emphasis has been placed on the direct 
introduction of solid sample materials into spectroscopic sources for subsequent 
elemental analysis. In particular, the technique of cathodic sputtering in a glow discharge 
has been used in the analysis of samples by many spectroscopic methods. A jet sputtering 
system has many advantages. In our studies, cathodic sputtering with gas flow rates up to 
2.13 Limin/jet were carried out in an Atomsource sputtering atomizer with Ar as the jet 123 
gas and Cu as the cathode sample. These flow rates are 20-fold greater than those 
normally used and were found to increase net sputtering yield significantly. A fourfold 
increase in net sputtering yield was observed when the number of jets in use was 
decreased from six to one, with the gas flow rate and other conditions held constant. A 
mechanism involving reduced symmetric charge exchange in the higher pressure single 
jet is proposed to explain this increase. High pressure in the jet enhances stepwise 
ionization which causes the breakdown of the similarity principle and results in fewer 
symmetric charge exchanges, and thus higher energy of ions bombarding the cathode. 124 
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